Testicular germ cell tumours, seminoma (SE) and non-seminoma (NS), of young adult men develop from a precursor cell, carcinoma in situ (CIS), which resembles foetal gonocytes and retains embryonic pluripotency. We used microarrays to analyse microRNA (miRNA) expression in 12 human testis samples with CIS cells and compared it with miRNA expression profiles of normal adult testis, testis with Sertoli-cell-only that lacks germ cells, testis tumours (SE and embryonal carcinoma (EC), an undifferentiated component of NS) and foetal male and female gonads. Principal components analysis revealed distinct miRNA expression profiles characteristic for each of the different tissue types. We identified several miRNAs that were unique to testis with CIS cells, foetal gonads and testis tumours. These included miRNAs from the hsa-miR-371-373 and -302-367 clusters that have previously been reported in germ cell tumours and three miRNAs (hsa-miR-96, -141 and -200c) that were also expressed in human epididymis. We found several miRNAs that were upregulated in testis tumours: hsa-miR-9, -105 and -182-183-96 clusters were highly expressed in SE, while the hsa-miR-515-526 cluster was high in EC. We conclude that the miRNA expression profile changes during testis development and that the miRNA profile of adult testis with CIS cells shares characteristic similarities with the expression in foetal gonocytes.
Introduction
Testicular germ cell tumours (TGCTs) are the most common malignancies of adolescents and young men, with the majority of cases occurring from ages 18 to 45 years (Winter & Albers 2011) . Testis cancers are treatable with a survival rate of 50-90% depending on tumour type and progression stage (Schmoll et al. 2004 ). However, testis cancer patients often have reduced fertility, and orchidectomy of the affected testicle and cisplatin treatment can result in a further reduction of their fertility. Survivors in addition suffer from a range of treatment effects, which significantly reduce later quality-of-life (Feldman et al. 2008) .
TGCTs arise from precursor cells named carcinoma in situ (CIS), which are of foetal origin (Skakkebaek et al. 1987) . The CIS cells persist quiescently in the testis until puberty where hormone signals initiate spermatogenesis. These signals apparently result in the proliferation of the CIS cells, which progress to overt tumours that are classified as either seminoma (SE) that generally does not differentiate or non-seminoma (NS), which has a striking ability to differentiate into virtually any type of tissue (Ulbright et al. 1999 . The pluripotent nature of NS tumours is probably inherited from the CIS cells, as gene expression studies have shown a significant overlap of gene expression between CIS cells and embryonic stem cells (ESCs; Almstrup et al. 2004) . Visually, CIS cells resemble foetal gonocytes (Holstein & Korner 1974) , and recent investigations of microdissected tissues have shown a close resemblance in gene expression between CIS cells and gonocytes (Sonne et al. 2009a ). This strongly suggests that CIS cells arise from foetal gonocytes, which failed to differentiate to pre-spermatogonia, and instead survived as quiescent gonocyte-like cells in the testis.
Recently, it has become widely appreciated that much of a cell's biology and function can be regulated at the translational level through a class of small RNAs, microRNAs (miRNAs). Most miRNAs specifically inhibit translation of mRNAs through binding to complementary sequences in the 3 0 -UTR (Lai 2002 , Bartel 2004 , Xie et al. 2005 , while some can enhance translation through binding to regulatory elements on the mRNA (Orom et al. 2008 ). In addition, binding of miRNAs usually also leads to a reduction of the level of their target mRNAs (Eulalio et al. 2009 ). Deregulation of miRNAs that regulate tumour suppressors or oncogenes often plays a role in cancer development (Esquela-Kerscher & Slack 2006 , Cho 2007 . In the testis, the oncogenic miRNA clusters hsa-miR-372 and -373 contribute to cancer development by disabling the p53 pathway through lowering LATS2 protein levels (Voorhoeve et al. 2006) , while another oncogenic miRNA cluster, hsa-miR-17-92 (He et al. 2005 , O'Donnell et al. 2005 , may promote the development of overt tumours through the prevention of apoptosis by inhibiting E2F1 protein synthesis in CIS cells (Novotny et al. 2007a) . Additionally, recent quantitative reverse transcriptase-PCR (qRT-PCR) studies of miRNA expression in germ cell tumours have shown differential expression of several miRNAs between normal tissue and tumour samples (Gillis et al. 2007 . Taken together, these studies have indicated that miRNA regulation may play a role in the development of TGCTs; however, no data on miRNA expression in the CIS cell are currently available. Achieving this information is not trivial as the CIS cell is a rare cell type, comprising at most 5-10% of the cells in the testis, and the techniques applicable for purifying CIS cells through microdissection are not suitable for detecting miRNAs.
The aims of this study were to identify the miRNA expression profile in CIS cells and to investigate the role of individual miRNAs in tumour development and progression. For this purpose, we applied microarray technology to detect miRNAs expressed in CIS cells by comparing normal human testis samples with samples containing varying amounts of tubules with CIS. We also performed miRNA analysis of a series of TGCTs (SE and embryonal carcinoma (EC), which is the pluripotent undifferentiated component of NS) and of male and female foetal gonads. Combining the miRNA expression data with data on mRNA expression in microdissected testicular tissues and CIS cells allowed us to perform a bioinformatics investigation to predict putative targets for the miRNAs expressed in CIS cells. Finally, we looked into the function of the predicted targets by gene set enrichment analysis to gain further knowledge of the role of the miRNAs and their targets in CIS cell biology.
Materials and methods

Tissue samples and RNA preparation
Use of adult testicular tissues was approved by the Regional Committee for Medical Research Ethics in Denmark. The samples were obtained from the residual tissue of the orchidectomy specimens from patients diagnosed with malignant testicular cancer. Normal samples were obtained from areas with preserved complete spermatogenesis, where no tumour or CIS cells were present, or purchased commercially Applied Biosystems/Ambion, Foster City, CA, USA and Biochain Institute, Newark, CA, USA). The tissue samples were either snapfrozen at K80 8C or fixed overnight at 4 8C in Stieve's fluid or paraformaldehyde, and subsequently embedded in paraffin. The samples were stained with haematoxylin-eosin for histological evaluation and with an antibody against placental alkaline phosphatase to confirm the presence of CIS, as described previously (Giwercman et al. 1991) . Foetal gonads were collected in the UK according to the Polkinghorne guidelines following ethical approval and informed consent of women who underwent elective abortions at 10-12 weeks of pregnancy as described previously (Sonne et al. 2009a) . Three foetal gonadal samples were available for this study: two male (of which one contained testis and mesonephros tissue and the other only mesonephros) and one female (containing ovary and mesonephros tissue; Table 1 ). The foetal gonads were embedded in 'optimum cutting temperature compound' (Sakura Fintek Europe, Alphen aan den Rijn, The Netherlands) and snap-frozen at K80 8C. Total RNA was prepared from minor amounts of the frozen tissue samples (adult testis) or from serial sections of the tissue (foetal gonads) using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol.
miRNA array analysis and qRT-PCR expression profiling
The Agilent (Agilent Technologies, Santa Clara, CA, USA) Human miRNA microarray v1.0 (four samples: three CIS and one normal adult testis) and the Agilent For the verification of the microarray results, we performed the qRT-PCR validation of nine miRNAs using TaqMan miRNA assays (Applied Biosystems) as described by the supplier; hsa-miR-103 was used for normalisation.
In situ hybridisation
In situ hybridisation (ISH) probes for pri-hsa-miR-96 and pri-hsa-miR-371 were prepared using two sets of specific primers for each. The first set (to amplify the cDNA) was for pri-hsa-miR-96: AGAGTGTGACTCCTGTTCTGT and TTGGCACTGCACATGATTGCT; and for pri-hsa-miR-371: GATCGCCGCCTTGCCGCA and TCGT-GATGCCCTACTCAAACA. One microlitre from the first PCR sample was used for the second amplification (for adding T3 or T7 promoters respectively (underlined)): for pri-hsa-miR-96 -AATTAACCCTCACTA-AAGGGTATGGCACTGGTAG and TAATACGACT-CACTATAGGGCAGAGCGGAGAGA; and for prihsa-miR-371-AATTAACCCTCACTAAAGGGCACT-CAAACTGT and TAATACGACTCACTATAGGGT-GACGCTCAAAT. PCR amplification for the first set was as follows: 95 8C for 5 min, 35 cycles of 95 8C for 30 s, 62 8C for 1 min and 72 8C for 1 min, followed by 5 min at 72 8C. PCR for the second set was as follows: 95 8C for 5 min, followed by five cycles of 95 8C for 30 s, 45 8C for 1 min and 72 8C for 1 min, followed by 20 cycles of 95 8C for 30 s, 65 8C for 1 min and 72 8C for 1 min. After a final 5 min extension step at 72 8C, the reaction was stopped. The PCR product was purified on an agarose gel and sequenced. Aliquots of 200 ng were used for in vitro transcription labelling of the RNA probes using MEGAscript-T3 (sense) or MEGAscript-T7 (antisense) following the manufacturer's protocol (Ambion, Applied Biosystems). ISH was performed as described previously (Nielsen et al. 2003 , Novotny et al. 2007b .
miRNA target prediction and enrichment analysis miRNA targets were predicted for the 13 miRNAs from the first miRNA study (Table 2) , as well as for hsa-miR-141, -183, -200c and -323-3p using miRecords (http://mirecords.biolead.org/), an integrated database of 11 prediction algorithms. Our criterion for the target prediction was that each target was predicted by at least six of the 11 prediction algorithms. Gene set enrichment analysis of the miRNA targets was performed using the Panther Classification System (http://www.pantherdb.org/ tools/compareToRefListForm.jsp). As a reference, we used all the identifiers on the array.
Microarray analysis of mRNA expression
Microarray data from three samples of microdissected CIS cells, three samples of microdissected Sertoli cells, two samples of microdissected gonocytes, one microdissected oocyte sample and three samples of total RNA from the normal testis were available from a previous study (Table 1 ; Sonne et al. 2009a ). The microarray images were read by Agilent Feature Extraction Software version 9.5.3.1 and analysed in the R/BioC limma package using the gMedianSignals. Normalisation between the arrays was done using a quantile normalisation procedure and probes were collapsed by taking the median. CIS vs normal testis samples was statistically tested by an unpaired t-test and P values were corrected for multiple testing by Benjamini-Hochberg correction.
Results miRNA microarray results
To identify the miRNAs expressed in CIS cells, we performed an initial array experiment using RNA from the normal testis and from three testis biopsies containing variable amounts of CIS cells. In this manner, we could determine CIS-enriched miRNAs by correlating miRNA expression with the CIS cell content, as we previously have done with mRNAs G W Novotny, K C Belling et al.: miRNA expression profiling in human CIS cells www.endocrinology-journals.org (Almstrup et al. 2004) . To visualise and quantify the CIS cell content prior to purifying RNA from the tissue, we applied a fast NBT-BCIP staining protocol (Sonne et al. 2009b) . We estimated that samples 1-3 contained CIS cells in 30, 50 and 99-100% of the tubules respectively (Table 1 and data not shown). We then performed miRNA expression profiling on the Agilent Human miRNA microarray v1.0 platform (containing probes for 470 human miRNAs and 64 human viral miRNAs). The expression levels were correlated with the CIS cell content and the miRNAs with the highest correlations and with no or very low expression in the normal testis are shown in Table 2 (for a complete list of correlations, see Supplementary  Table 1 , see section on supplementary data given at the end of this article). The miRNAs that displayed increasing expression with increasing CIS content and low expression in the normal testis were miRNAs previously reported in stem cells and cancer (Table 2) .
Following the initial experiments, we expanded our investigation by applying the Agilent Human miRNA microarray v2.0 (containing probes for 723 human miRNAs and 76 human viral miRNAs) to profile the miRNA expression of 24 human tissue samples (Table 1) divided between the normal testis (nZ4), testis with CIS cells (nZ9), non-cancerous biopsies of SCO testis, which lack germ cells (nZ3), TGCTs (SE, nZ3 and EC, nZ2) and foetal gonads (nZ3; Table 1 ). Unsupervised hierarchical clustering (UHC) resulted in overlapping but distinct clustering of the different testis tissue subtypes ( Fig. 1a ), indicating the presence of unique miRNA signatures in each respective tissue group. PCA ( Fig. 1b ) also revealed discrete groupings of the tumour types (EC and SE) and the foetal gonads, while the samples consisting of the normal testis, SCO and CIS formed a large group. The grouping of CIS with non-cancerous adult testes was expected, because at least 90% of the cells in the CIS samples were normal testicular cells (mainly somatic cells). Several of the samples were paired, where the samples of the tumour and the adjacent testis tissue with CIS originated from the same patient ( Fig. 1a and b, compare patient numbers). Although originating from an identical genetic background, the miRNA signatures between the tissue containing CIS and the corresponding tumour were sufficiently different to allow sorting according to tissue type rather than by patient in the UHC and PCA plots.
High expression levels of the testis/gonadal-specific miRNA hsa-miR-202 (Landgraf et al. 2007 , Ro et al. 2007 were seen in all testicular samples, while the tumours showed varying levels of expression ( Fig. 1c ). Of the foetal samples, the foetal gonad male_2 had a very low level of hsa-miR-202, indicating that it mainly consisted of tissue from the mesonephros (an embryonic kidney-like organ that eventually develops into the epididymis and seminal vesicles).
Immunohistochemistry with anti-Müllerian hormone (AMH) confirmed that the sample was of male origin (data not shown). The embryonic hsa-miR-17-92 cluster was highly expressed in the foetal gonadal samples, indicating their embryonic origin ( Fig. 1c) . To find miRNAs differentially expressed between the tissue samples, we performed a multifactorial SAM analysis among the seven distinct tissue groups (group 1, samples with normal spermatogenesis; group 2, SCO; group 3, CIS; group 4, SE; group 5, EC; group 6, purchased normal testis RNA; group 7, foetal gonads), resulting in a list of 193 miRNAs (Fig. 1d) . The multifactorial SAM analysis revealed a group of testis-specific miRNAs (hsa-miR-506-510, -513abc and -514; Bentwich et al. 2005 ) that were highly expressed in all adult testis samples ( Fig. 2a) . Interestingly, the foetal gonad male_1 sample (gestational weeks 10-11) had a high expression of the miRNAs, while the female foetal gonad (gestational weeks 13-14) showed very low expression, indicating that these miRNAs may have a very early role in testis development. In accordance with the testis specificity of this cluster, the foetal gonad male_2 sample, consisting of the mesonephros, showed no expression of these miRNAs and the SE and EC samples showed greatly reduced levels, suggesting that the miRNAs are expressed in somatic cells, which is supported by their presence in SCO. The SAM analysis also revealed several miRNAs that were present at much higher levels in the commercial testis RNA samples than in the normal testis samples from patients (Supplementary Figure 1a , see section on supplementary data given at the end of this article). Based on the miRNA expression atlas (Landgraf et al. 2007) , it was evident that these miRNAs are expressed in the epididymis and not in the normal testis, suggesting that the commercial 'testis RNA' included RNA from both testis and epididymis ( Supplementary Figure 1b , see section on supplementary data given at the end of this article).
To identify miRNAs important for the development of CIS, we made a heat map of the data from the 24 human samples from the list of miRNAs that correlated with the percentage of CIS tubules (Supplementary Table 1 , see section on supplementary data given at the end of this article; Fig. 2b ) and also performed a SAM analysis between the CIS samples and the adult non-malignant testis samples (normal spermatogenesisCSCO). We observed a very consistent co-expression of almost all the miRNAs in the samples with CIS cells and foetal gonads, where 50 of the 55 miRNAs, shown in Fig. 2b , also were expressed in the foetal samples. Moreover, all the miRNAs we found in the SAM analysis were already in the list of miRNAs that correlated with the percentage of tubules with CIS ( Supplementary Table 1 , see section on supplementary data given at the end of this article and results not shown). The miRNAs enriched in the CIS samples included the hsa-miR-371-373 and -302-367 clusters, which were low expressed or absent from the normal testis and the epididymal hsa-miR-182, -183 and -200c.
To gain insight into how the CIS cells progress into overt tumours, we performed SAM analysis between the CIS samples and the SE and EC tumours ( Fig. 2c  and d respectively) . There were differences in the expression in SE and EC: the hsa-miR-9 and -105 clusters were high in SE; the hsa-miR-182-183-96 cluster was high in SE and EC (Fig. 2b, c and d) . We further investigated the differences between the CIS samples and foetal gonads in the SAM analysis ( Fig. 2e ). We found 38 miRNAs that were higher in foetal gonads than in CIS (results not shown); however the upregulated miRNAs were also expressed in the mesonephros sample, indicating that these miRNAs did not originate from gonocytes. Similarly for most miRNAs with low expression in the foetal samples, their low expression compared with the CIS samples can be attributed to the presence of the normal testis tissue in the CIS samples. The most intriguing observation was a cluster of miRNAs (hsa-miR-515-526) that was not expressed in the foetal samples, expressed in the samples with CIS and in SE and highly expressed in EC ( Fig. 2d and e ).
Validation of the array results
We selected eight miRNAs (hsa-miR-105, -141, -200c, -34c-5p, -367, -371-3p, -520c-3p and -96) for verification of the array data by qRT-PCR analysis. There was a strong correlation between the miRNA expression detected by the microarrays and the qRT-PCR results (Fig. 3a and b and results not shown). We performed ISH experiments to assign expression of the selected miRNA precursors to the distinct cell types. We detected the pri-hsa-miR-182-183-96 cluster transcript in the nuclei of the CIS cells ( Fig. 3c) , while we were unable to detect transcripts of the hsa-miR-302-367 and -371-373 clusters, presumably because of scarce amounts of the precursor due to fast processing to the mature miRNA forms. For the hsa-miR-371-373 cluster, ISH detected cytoplasmic transcripts from the opposite strand (Fig. 3d) , which is in accordance with data from Ensembl (ensembl.org) that show that several transcripts (DB443882, AI825624 and AW833903) from the opposite strand are expressed in testis and testis cancers. hsa-miR-506 hsa-miR-507 hsa-miR-508-3p hsa-miR-509-3p hsa-miR-509-5p hsa-miR-510 hsa-miR-513a-5p hsa-miR-513b hsa-miR-513c hsa-miR-514 Investigating biological function of miRNA expression miRNA targets are often degraded or deadenylated (Bagga et al. 2005 , Eulalio et al. 2009 ) and can therefore be discovered by mRNA profiling. Thus, we selected 16 miRNAs deregulated in the CIS samples and testis tumours (miRNAs in Table 2 and hsa-miR-141, -182, -200c and -323-3p; Fig. 2b and Supplementary Table 1 , see section on supplementary data given at the end of this article) for target prediction. We were able to predict a total of 607 targets for 13 out of the 16 miRNAs using the database miRecords (http:// mirecords.biolead.org/). Using mRNA array data from specific microdissected testicular cell types (Sonne et al. 2009a) , we then calculated the fold change in the expression of these mRNAs between the CIS cells and normal testis. To avoid noise, the calculations were performed after filtering out genes with fold changes between K0.5 and C0.5. After this filtering, we found 5237 up-and 3905 downregulated genes in the full dataset of genes, while the miRNA targets showed 118 up-and 150 downregulated genes (Supplementary qRT-PCR validation of microarray-detected fold changes of hsa-miR-371-3p (normalised to hsa-miR-103) between cancers, non-cancers and testis with CIS. Log 2 expression values from microarrays and qRT-PCR from the same samples are plotted next to each other for cancers (red, nZ5, STDEV 0.7 for microarray data, 2.12 for qRT-PCR data), non-cancers (yellow, nZ4, STDEV 0.84 for array data, 2.42 for qRT-PCR data) and CIS testis (orange, nZ3, STDEV 1.37 for array data, 0.61 for qRT-PCR data). The calculated log 2 -fold overexpression of hsa-miR-371-3p in cancers and CIS testis compared with non-cancers is shown below the plot. (c) In situ hybridisation with an anti-sense probe for the pri-hsa-miR-96 transcript on a biopsy from testis with CIS. Expression of the pri-hsa-miR-96 transcript was detected in the nucleus of CIS cells, while the sense control RNA showed no staining (insert image). (d) In situ hybridisation with a sense probe against the pri-hsa-miR-371-373 cluster; the insert shows hybridisation with an anti-sense probe. No expression of the primary transcript (anti-sense probe) could be detected, presumably due to fast processing of the transcript, while there was a high expression from the opposite strand (sense probe). Scale bars correspond to 50 mM.
Endocrine-Related Cancer (2012) 19 365-379 www.endocrinology-journals.org Table 2 , see section on supplementary data given at the end of this article), which is a significant enrichment of downregulated genes (expected values: 154 up and 114 down, P!0.0001, c 2 Z19.244, dfZ1). Assuming we could detect the influence of the miRNAs on the mRNA level of all their targets, we determined the expression changes (CIS cells vs normal testis) of all miRNA target mRNAs (nZ596) as a group compared with the rest of the annotated transcripts on the array (nZ16 431), and we compared the two groups in each test by a Wilcoxon-Mann-Whitney test. To get an estimate of any multiple testing biases, we performed 1000 random Wilcoxon-Mann-Whitney tests and only trusted the Wilcoxon-Mann-Whitney P value if maximum one random test had a lower P value than the correct test. The expression of the miRNA-targeted mRNAs was significantly changed compared with the background (PZ1.63!10 K8 ). To identify whether some of the miRNAs seemed to influence their targets more than the others, we tested the miRNA target groups individually. The expression of two miRNA target groups, hsa-miR-141 (PZ0.0037) and hsa-miR-200c (PZ0.0003), was significantly changed compared with the background and hence could play a role in maintaining the CIS phenotype.
We further investigated the role of the potential miRNA targets of hsa-miRNA-141 and -200c by enrichment analyses. We used the enrichment tool at the Panther website (http://www.pantherdb.org/) to assign the mRNA targets of these miRNAs (84 targets for hsa-miR-141 and 157 targets for hsa-miR-200c; Supplementary Table 2 , see section on supplementary data given at the end of this article) to Gene Ontology categories. The predicted targets of hsa-miR-141 were enriched in the biological processes: establishment or maintenance of chromatin architecture, organelle organisation and anterior/posterior axis specification and the molecular function deacetylase activity. The predicted hsa-miR-200c targets were enriched in the biological processes, including endoderm development, apoptosis, signal transduction and intracellular signalling cascade, and in the molecular functions, such as transcription factor activity, transcription regulator activity, transcription cofactor activity and DNA binding.
Discussion
In this study, we have for the first time examined global miRNA expression in CIS cells, the precursor cell for testicular germ cell cancer. Since CIS cells only constitute a small percentage of the cells in the testis, we identified miRNAs that were expressed in CIS cells by identifying miRNAs whose expression correlated with the ratio of tubules with CIS cells. However, this may lead to an overestimation of the expression of miRNAs that are uniquely expressed in CIS cells when compared with miRNAs that also are expressed in other testis cell types (Sonne et al. 2009a ). Nevertheless, this calculation probably identifies most miRNAs that are expressed in CIS cells (Table 2 and  Supplementary Table 1 , see section on supplementary data given at the end of this article).
The results show a strong correlation between miRNA expression in CIS cells and gonocytes, which is in accordance with the similar mRNA expression profiles (Sonne et al. 2009a) . Especially, two miRNA clusters (hsa-miR-371-373 and -302-367) , which have been reported to be highly expressed exclusively in ESC (Martinez & Gregory 2010) and in testicular (Gillis et al. 2007) and extragonadal paediatric germ cell tumours , were also expressed in CIS cells and foetal gonads. This supports our hypothesis that CIS cells are arrested gonocytes that persist in the adult testis instead of differentiating into spermatogonia or entering apoptosis around birth (Sonne et al. 2009a) . Nevertheless, we also identified a number of miRNAs that were differentially expressed between CIS cells and foetal gonads ( Fig. 2e) , indicating that the developmental arrest of gonocytes that lead to CIS cells may be enforced by miRNAs. The data confirmed a high expression of the hsa-miR-9, -105 and -182-183-96 clusters in SEs and the hsa-miR-515-526 cluster in ECs as previously suggested by Palmer et al. (2010) . Although the highest expression appears to be in the tumours, we also observed a moderate expression of these miRNAs in the testes with CIS cells adjacent to EC or SE as well as in the normal control testis. Notably, the hsa-miR-515-526 cluster was not expressed in the SCO samples and foetal gonocytes, but their presence in the normal testicular samples and CIS cells suggested that the cluster is induced by the signals that initiate spermatogenesis and that it may have a function in germ cells and maybe during the transformation of CIS cells to overt tumours. However, in CIS cells, the expression of the clusters that are differentially expressed in SE and EC does not seem to be predictive of the tumour type adjacent to the CIS cells. There are large phenotypic differences between SE and NS, and also among several histological subtypes of the latter (Juric et al. 2005 , Korkola et al. 2005 , Skotheim et al. 2005 . Given a desire to find early markers predictive of invasive progression either to SE or to the more clinically aggressive NS, G W Novotny, K C Belling et al.: miRNA expression profiling in human CIS cells www.endocrinology-journals.org discussion concerning possible differences between the CIS cells adjacent to the two respective tumour types has been circulating in the literature (reviewed recently by Alagaratnam et al. (2011) ). However, only very subtle differences in gene expression between CIS/SE and CIS/NS have been reported (Almstrup et al. 2005 , Skotheim et al. 2005 ) and those have not been found recurrent in an in silico analysis of a larger number of samples (Almstrup et al. 2007) . Accordingly, we have not identified miRNA clusters specific for CIS/SE or CIS/NS in the present study. This makes sense from a biological point of view: first, SE and NS quite frequently (up to 30% of all TGCT cases) occur in the same testicle, often intimately mixed together in a combined tumour (Ulbright et al. 1999) , and secondly, the CIS cells adjacent to a tumour are not the precursors of this tumour, but more 'dormant' cells, which did not achieve invasiveness. Thirdly, general heterogeneity and plasticity is a feature of the CIS phenotype (Rajpert-De Meyts et al. 1996 , Gueler et al. 2012 , thus a SE-or NS-specific CIS type cannot be identified in the available tissue samples or most probably, it does not exist.
Our bioinformatic results showed an enrichment of downregulated miRNA target genes in testis with CIS, and when assigning functions to the most downregulated mRNAs, we found tumour suppressors (PCDH9, PDS5B, ETS2 and MTCH2; Yu et al. 2008 , Denes et al. 2010 , Múnera et al. 2011 , Wang et al. 2012 ; Supplementary Table 2 , see section on supplementary data given at the end of this article), indicative of the cancer potential of the CIS cells. Interestingly, some oncogenes (RAP2C and WHSC1) are also among the most downregulated miRNA targets; however, experiments in cancer cell lines where WHSC1 expression was knocked down resulted in the suppression of proliferation (Toyokawa et al. 2011) , which fits with the phenotype of the CIS cells as a quiescent cancer precursor cell. The enrichment of downregulated miRNA targets observed in our data supports the view that most miRNA targets are deadenylated and eventually degraded (Bagga et al. 2005 , Behm-Ansmant et al. 2006 , Eulalio et al. 2009 ), thus allowing the detection of potential targets by combining miRNA and mRNA expression data (Tzur et al. 2009 , Zibert et al. 2010 . Our analysis of miRNA and mRNA expression data from the normal testis and testis with CIS suggested that hsamir-141 and -200c, which are not expressed in the normal testis (Fig. 2b) , might be important for CIS cell biology. Interestingly, these two miRNAs are also upregulated in human ovarian cancer (Iorio et al. 2007) . From the enrichment analysis of the predicted targets of hsa-miR-141, we found that the targets were involved in many differentiation and developmental processes. The enrichment fits the hypothesis that CIS cells are developmentally arrested gonocytes and indicated that hsa-miR-141 targets could be involved in the development of CIS cells and/or the retention of the arrested state. The predicted targets of hsa-miR-200c were enriched in endoderm development, which also agrees with the developmental arrest. The hsa-miR-200c targets were further enriched in several categories of transcription and transcription co-factor activity. Among the transcription cofactors targeted by hsa-miR-200c is Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2 (Cited2), which is important in testis development (Combes et al. 2010) .
The expression profiles confirmed the high expression of the embryonic and oncogenic hsa-miR-17-92 cluster (Thomson et al. 2004 , Mineno et al. 2006 , Calabrese et al. 2007 in testis (Fig. 1c; Novotny et al. 2007b ) and showed that the cluster already is expressed in foetal gonads of both sexes. The expression of the hsa-miR-17-92 cluster is regulated by MYC and several of the encoded miRNAs repress the expression of the transcription factor E2F1 (Olive et al. 2010) . Thus, despite the abundant presence of the E2F1 transcript in meiotic germ cells and CIS cells (Almstrup et al. 2004) , the hsa-miR-17-92 cluster prevents expression of the E2F1 protein in CIS cells and in specific germ cell types during meiosis in normal testis (Novotny et al. 2007b ). However, a survey of the E2F1 expression in 34 testis tumours revealed a moderate to strong E2F1 protein staining in 18-20 of the tumours (proteinatlas.org), which is surprising since testis tumours are derived from CIS cells. A potential explanation may come from a recent investigation of copy number variation in testicular SE reporting that the hsa-miR-17-92 cluster on chromosome 13q31.3 (overlap with GPC5) is deleted in 20-25% of the SE specimens (Lebron et al. 2011) , which may indicate that regain of E2F1 expression in the absence of the hsa-miR-17-92 cluster may lead to the formation of some testis tumours.
The detection of miRNAs that in the testis are expressed exclusively in CIS cells and germ cell tumours may have clinical implications since the expression of developmentally regulated genes such as TFAP2C (AP2g) and POU5F1 (OCT3/4) in CIS cells and germ cell tumours, but not in normal adult testis, has been exploited for screening of semen samples for preinvasive testicular cancer (Hoei-Hansen et al. 2007 , van Casteren et al. 2008 . Thus, the very restricted expression of the hsa-miR-371-373 and -302-367
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In conclusion, we have detected several miRNA clusters that are differentially expressed during human testis development and germ cell malignancy. The expression of miRNA clusters in CIS cells that normally only are found in foetal cells supports our long-standing hypothesis that testis cancer is an adult manifestation of a developmental problem of foetal germ cells. These miRNAs are probably involved in the modulation of the unique phenotype of both foetal gonocytes and CIS cells and may have biological and clinical implications.
